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INTRODUCTION

Advancement in weapons design has led to the introduction of several potentially
toxic metals, such as depleted uranium (DU), onto the battlefield. The Persian Gulf War
in 1991 saw the first combat use of DU kinetic penetrator munitions, and their success
against enemy armor was dramatic. The demonstrated effectiveness of DU munitions in
the first Gulf War has led other nations, some not friendly to the United States, to adopt
these weapons into their own arsenals. Other types of kinetic energy penetrators use
heavy-metal tungsten alloys (WA) in place of DU. In future conflicts, the United States
will have to deal with an increased number of casualties from the use of these weapons.
Because both DU- and WA-based munitions are relatively recent additions to the list of
militarily relevant metals, little is known about the health effects of these metals after
internalization as embedded shrapnel. This study was designed to assess the carcinogenic
and immunotoxic potential of DU and WA using the Fisher 344 rat model and modified
National Toxicology Program protocols for such studies. Responses to the test metals are
being compared to responses to tantalum, a biologically inert metal that serves as a
negative control and nickel, a known heavy-metal toxin and carcinogen that serves as a
positive control. This research addresses the DOD effort to understand the potential
health risks associated with DU and WA exposure in order to develop appropriate
medical treatment protocols for personnel wounded by fragments of these metals.



BODY

Statement of Work

This four-year study is an assessment of the immunotoxic and carcinogenic
potential of embedded fragments of DU and WA in laboratory rats. Responses to these
metals are compared to the biologically inert metal, tantalum, and the carcinogen and
heavy-metal toxin, nickel. For these experiments, rats are implanted with tantalum
pellets alone (metal control group), a mixture of DU and tantalum pellets (low DU
group), DU pellets alone (high DU group), a mixture of WA and tantalum pellets (low
WA group), or WA pellets alone (high WA group). There is also a non-surgical control
group and a positive carcinogenesis control group implanted with nickel pellets. Animals
will be euthanized and various analyses performed 1, 3, 6, 12, 18, and 24 months after
implantation. Analyses include histopathological examination and metal determinations
as well as assessments of mutagenicity and cytogenicity. A battery of immunological
tests designed to assess both humoral and cell-mediated immunity, as well as the innate
immune response, will be conducted at 1, 3, 6, and 12 months.

Progress to Date -

Because of the unexpected finding of rapid tumor formation in WA-implanted
rats (reported in our Year 2 Annual Report), we were forced to deviate from our original
pellet implantation and euthanasia schedule. As a result, some analyses and data
compilation, previously scheduled to be completed in Year 3, are not yet finished.
However, rodent implantation surgery and euthanasia that were originally scheduled for
Year 4 have already been conducted. At this time, implantation surgery and euthanasia
of all experimental groups (1-, 3-, 6-, 12-, 18-, and 24-month) are complete. A revised
timeline for the remaining Year 4 work is presented below, as are detailed results
corresponding to the various project tasks.

Year 4 Revised Work Schedule
Complete cytogenetic analyses
Complete metal measurements
Analyze and compile all data
Provide final report

Task 1 - Determine whether embedded fragments of DU or WA cause cancer in
rodents. ‘

No tumors, resulting from pellet implantation, were observed in the tantalum, low
DU, or high DU groups at the 1-, 3-, 6-, 12-, 18-, or 24-month time points. Gross
necropsies of these groups revealed no abnormalities. The 18- and 24-month animals, in
all surviving groups, exhibited health problems associated with old age (e.g., testicular
cancer, benign abdominal growths, etc.). These health problems were not associated with
a particular treatment group. They were found across all experimental groups. As a
result of these age-related health problems, many of the 18- and 24-month animals were
euthanized before reaching their experimental endpoint; however, no abnormalities




associated with the tantalum or DU implanted pellets were observed. Approximately
70% of the rodents reached the 18-month experimental endpoint. Only one rodent (a
high-dose DU rat) reached the 24-month experimental timepoint. A table showing
survival data for all experimental groups is found in the Appendices (Table 1).

While all the rodents in the non-surgical, tantalum, and DU groups either reached
their experimental endpoint or were euthanized due to age-related maladies, the same
cannot be said for the WA and nickel groups. By 14-18 weeks after implantation, many
of the animals began to develop palpable tumors at the pellet implantation sites. All
animals in the low-dose WA, high-dose WA, and nickel groups eventually developed
tumors and were euthanized. Criteria for euthanasia is based upon previously published
standards (Tomasovic et al., 1988). The high-dose WA group survived the shortest time,
with the nickel and low-dose WA groups only slightly longer. Upon euthanasia, the
pellets were removed and showed apparent oxidation, but had lost only about 5 % of their
mass during implantation. Gross necropsies showed tumors surrounding the WA or
nickel pellets. The tumor appeared to displace and replace the skeletal muscle
surrounding the pellet. Metastases were invariably found in the lungs of both the low and
high WA groups with additional growths occasionally found in the abdominal cavity.

In many cases the leg tumors would undergo rapid aggressive growth, more than
doubling their size in a matter of days. Histopathological analysis revealed the presence
of pleomorphic neoplastic cells with no bone or smooth muscle involvement.
Immunohistochemical analysis was positive for desmin and negative for smooth muscle
actin, indicating the tumor is most likely a rhabdomyosarcoma. No other apparent tissue
abnormalities were observed. Histopathological analysis will be completed in Year 4.

General health parameters

Change in body weight is considered one of the sensitive, early indicators of
change in overall health. The animals in this study were weighed weekly. Graphs
showing body weight gain over time for all of the experimental groups are shown in
Figures 1-6 in the Appendices. Error bars have been omitted for the sake of clarity. In
the week immediately after pellet implantation, there is no or only a very slight gain in
body weight as the animals recover from surgery. After this recovery period, animals in
all groups gain weight at a consistent rate for the next month. After that time, rodents in
the high-dose DU group gain weight at a slower rate than the other experimental groups.
This decreased rate of body weight gain continues throughout the lifespan of the rat. A
similar effect for DU was reported previously for Sprague-Dawley rats (Pellmar et al.,
1999). The spikes seen in the WA groups near the end of their lifespan can be attributed
to the low number of animals (one animal in each case) surviving to that point.

Hematological and serum clinical chemistry data for all experimental groups are
shown in Tables 2-13 and 14-19, respectively, in the Appendices. Several results are
noteworthy. Rats implanted with 20 WA pellets exhibited significant increases in white
blood cell counts, red blood cell counts, hemoglobin, and hematocrit levels compared to
control rats, while rats implanted with 20 Ni pellets had significant decreases in red blood
cell counts, hemoglobin, and hematocrit levels. Hematological parameters from low-dose
WA rats were not statistically different from controls. The hematological changes
observed in the high-dose WA rats are suggestive of polycythemia. Cobalt has been used
experimentally to induce polycythemia in rats (Rakusan et al., 2001; Endoh et al., 2000)




although the concentration required is far greater than the amount that could be provided
by the WA pellets. The speed at which these hematological changes occurred in the
high-dose WA rats was also surprising. Statistically significant increases in red blood
counts, hemoglobin, and hematocrit levels were observed in high-dose WA animals as
early as one month after pellet implantation and persisted throughout the experimental
period. In addition, there were statistically significant increases in the numbers of
neutrophils, lymphocytes, monocytes, and eosinophils present in high-dose WA animals.
Low-dose WA animals had elevated neutrophil, lymphocyte, and monocyte counts, but
only the neutrophil counts were statistically different from the controls. The Ni-implanted
animals had significantly lower lymphocyte counts than the controls. All other
parameters were statistically identical to the controls. These results suggest a dose-
dependent perturbation in many hematology parameters as a result of an increasing WA
pellet number. :

Metal effects on specific organ systems can often be assessed by measuring .
organ/body weight ratios. Organ weights and organ/body weight ratios for all
experimental groups are found in the Appendices (Tables 20-25). The organs assessed
were spleen, thymus, liver, kidney, and testes. Organ weights are provided in the tables,
although organ/body weight ratios give a more realistic assessment of organ toxicity.
Low-dose DU animals showed an increased kidney/body weight ratio, compared to
control, at 1 and 3 months post-implantation. However, by 6 months the ratio had
returned to normal and remained there for the duration of the experiment. Surprisingly,
the high-dose DU groups did not show these kidney changes, but did show decreases in
liver/body weight ratios starting at 3 months post-implantation. These changes persisted
throughout the duration of the experiment. The most remarkable changes were seen with
the high-dose WA group. Starting at 1 month post-implantation, these animals had
extremely elevated spleen/body weight ratios until they were euthanized at approximately
20-24 weeks. In addition, beginning at 3 months post-implantation, kidney/body weight
ratios were also elevated.

Task 2 - Measure tissue levels of DU or WA after chronic in vivo exposure.

Analytical preparation of the several thousand tissue samples collected in this
project is ongoing. We have been able to simultaneously measure the levels of tantalum,
tungsten, nickel, cobalt, and uranium in a variety of tissues using inductively coupled
plasma mass spectrometry (ICP-MS). Matrix effects, particularly in bone, liver, and
kidney, have hindered our attempts to accurately assess the nickel and cobalt levels in
these samples, but with recent analytical modifications we appear to have solved this
dilemma. With the impending departure of our ICP-MS operator, we are currently
training a replacement in order to continue with the analysis of the samples. The metal
measurements will be completed in Year 4.

Task 3 - Assess the genotoxicity and mutagenicity after chronic in vivo exposure
to DU or WA. '

The number and types of chromosomal aberrations in blood lymphocytes as a
result of exposure to embedded DU or WA are currently being assessed and will be
completed in Year 4. The mutagenicity assessments of urine and serum samples from the
6- and 12-month animals have been completed. There was no indication that serum from




any of the experimental groups was mutagenic when assayed by the Ames bacterial
reversion assay. However, urine from the high-DU and high-WA groups was
significantly more mutagenic than urine from non-surgical or tantalum implanted rats
(Appendices — Table 26). This result was not unexpected as one of the major routes of
excretion of these metals from the body is in the urine. No urine was collected from the
18- and 24-month animals because, due to the declining health of the rodents, we opted
against stressing the animals further by housing them in the metabolic cages required for
urine collection. The serum samples from the 18- and 24-month animals are currently
being analyzed for mutagenic activity. :

Task 4 - Determine the effect of embedded DU and WA on the organs of the
immune system.

The immune organ weights (spleen and thymus) and immune organ
weight/body weight ratios have already been shown (Tables 20-22 of the Appendices).
Splenocyte and thymocyte cellularities (number of cells/gram wet weight of tissue), as
well as bone marrow cellularity (number of cells/femur) are shown for 1-, 3-, 6-, and 12-
month animals in Tables 27-30 of the Appendices. Thymus and bone marrow
cellularities appear to be affected more by DU exposure than by WA. Spleen cellularity
is lower in both WA groups at 1 month post-implantation. Given the associated
hematological and organ weight data, it appear that splenocytes from WA animals may
be larger than normal. This finding awaits histopathological verification.

We are currently analyzing the data obtained by flow cytometric analysis of
peripheral blood lymphocytes, splenocytes, and thymocytes in order to investigate any
changes in the subpopulations of cells that comprise these immune system organs.

Task 5 — Evaluate the effect chronic in vivo exposure to DU and WA has on
immune function, including cell-mediated, humoral, and innate immunity.

Three tests of immune function were conducted: the natural killer (NK) cell
assay, the cytotoxic T-lymphocyte assay, and the antibody plaque-forming cell assay.
Both low- and high-dose DU groups showed transient decreases in NK activity, the low-
dose group at 1 month and the high-dose group at 3 months post-implantation. NK
activity in both WA groups was lower than control groups at both the 1 and 3 month time
period (Table 31, Appendices). Beyond 3 months, no activity was detectable in any of
the experimental groups corroborating what has been reported in the literature.

Cytotoxic T-lymphocyte activity (Table 32, Appendices) was decreased at 6
months post-implantation in both DU groups, but returned to normal in both groups at 12
months post-implantation. Both WA groups also exhibited decreased cytotoxic T-
lymphocyte activity at 6 month post-implantation, with the high-dose WA rats also
showing decreased activity at 3 months. Because aggressive tumor formation
surrounding the WA pellets required euthanasia of the rodents, no 12-month data was
obtained.

The antibody plaque-forming cell (APC) assay is a measure of the ability of the
animal to recognize injected sheep red blood cells as foreign, present the antigen to the
appropriate cells, and make antibodies against it. The assay requires the proper
functioning and interaction of macrophages, T-cells, and B-cells and, as such, is
considered a sensitive indicator of the overall functioning of the immune system. The




data in Table 33 of the Appendices show that low-dose DU rats showed lower APC
activity (expressed as number of plaques/spleen) at all times tested. The high-dose DU
groups were not different from control at 1 and 3 months post-implantation. However, at
6 months activity was lower than control. Activity was also slightly lower, though not
statistically significant, at 12 months post-implantation. Both WA groups were no
different than control at 1 month post-implantation. Activity then decreased at 3 months.
Low-dose WA rats also exhibited decreased APC activity at 6 months post-implantation.
Because of the condition of the high-dose WA rats, no APC determinations were
obtained at 6 months post-implantation.

KEY RESEARCH ACCOMPLISHMENTS

e All rodents have been implanted and have reached their experimental endpoints.
¢ - All animals implanted with WA (both low and high groups) or nickel developed
tumors, identified as rhabdomyosarcomas, at the implantation site.

e Tumor development occurred most rapidly in the high WA group.

e Tumors metastasized to the lung in both the low and high WA groups.

* Rodents in the high WA group exhibited splenomegaly and hematological changes
suggesting polycythemia.

REPORTABLE OUTCOMES

Oral presentation by Dr. David McClain at the US Army Heavy Metals Office Heavy
Alloys Workshop, Stevens Institute of Technology, Hoboken, NJ, 10-11 Feb 2004. Title:
Tumor Induction in Rats by Embedded Tungsten Alloy Fragments.

Oral presentation by Dr. David McClain at the United States/United Kingdom
International Exchange Agreement 1443 Workshop (US/UK IEA 1443), US Army
Research Laboratory, Aberdeen, MD, 24 June 2004. Title: Tumor Induction in Rats by
Embedded Tungsten Alloy Fragments .

Oral presentation by Dr. David McClain at the Armed Forces Radiobiology Research
Institute Seminar Series, 5 March 2004. Title: Investigation of Tumor Induction in Rats
by Embedded Tungsten Alloy Fragments.

Oral presentation by Dr. David McClain at the Armed Forces Radiobiology Research
Institute Scientific Program Overview, AFRRI Board of Governors Meeting, 27 July
2004. Title: Investigation of Health Effects of Embedded Tungsten Alloy Fragments in
Rats. '

Oral presentation by Dr. John Kalinich at the Armed Forces Radiobiology Research
Institute Seminar Series, March 19, 2004. Title: Immunotoxic Potential of Militarily
Relevant Heavy Metals.




Manuscript submitted: John F. Kalinich, Christy A. Emond, Thomas K. Dalton, Steven
R. Mog, Gary D. Coleman, Jessica E. Kordell, Alexandra C. Miller, and David E.
McClain “Embedded weapons-grade tungsten alloy shrapnel rapidly induces
rhabdomyosarcomas in rats”

CONCLUSIONS

The project continues ahead of schedule and no major experimental difficulties
have been encountered. However, the unexpected finding of rapid and aggressive tumor
development at the implantation sites in the WA groups raises some serious concerns.
Heavy-metal tungsten alloys have been proposed as replacements for DU in armor
penetrators. In fact, many countries, some unfriendly to the U.S., already possess
tungsten munitions. As a result, future combat could produce large numbers of U.S.
personnel with tungsten fragment injuries with military surgeons not having the best
information available to deal with those injuries.

It was not surprising that the nickel-implanted animals developed tumors nor was
the tumor type unexpected. Previous work has shown that intramuscular injections of
insoluble nickel or cobalt result in tumor formation (mainly rhabdomyosarcomas) at the
injection site (Shibata et al., 1989; Heath, 1956). What was surprising was the speed at
which this occurred in the nickel-implanted animals. In the studies cited above, tumor
development occurred approximately 50 weeks after injection. The fact that tumor
development was much more rapid in the high WA group than in the nickel group
suggests a synergistic or additive effect of the various components of the WA not active
with nickel alone. Because of the lack of information on the health effects of embedded
fragments of these types of mixtures, we recommend funding be made available for an
additional study to investigate tumor development patterns for implanted tungsten and
cobalt pellets alone, and possibly tungsten/cobalt and tungsten/nickel pellets, so that a
comparison to WA and nickel can be made and the exposure risk put into perspective. In
addition, a study following the National Toxicology Program guidelines should be funded
investigating the carcinogenic potential of embedded tungsten alloy fragments in a
second rodent species, such as the mouse.
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APPENDICES

Table 1 — Survival times of pellet-implanted rodents.

Figure 1 — Body weight gain for 1 month rodents

Figure 2 — Body weight gain for 3 month rodents

Figure 3 — Body weight gain for 6 month rodents

Figure 4 — Body weight gain for 12 month rodents

Figure 5 — Body weight gain for 18 month rodents

Figure 6 — Body weight gain for 24 month rodents

Table 2 — Hematology parameters for 1-month rodents

Table 3 — Cellular hematology for 1-month rodents

Table 4 — Hematology parameters for 3-month rodents

Table 5 — Cellular hematology for 3-month rodents

Table 6 — Hematology parameters for 6-month rodents

Table 7 — Cellular hematology for 6-month rodents

Table 8 — Hematology parameters for 12-month rodents

Table 9 — Cellular hematology for 12-month rodents

Table 10 — Hematology parameters for 18-month rodents

Table 11 — Cellular hematology for 18-month rodents

Table 12— Hematology parameters for 24-month rodents

Table 13 — Cellular hematology for 24-month rodents

Table 14 — Serum chemistries for 1-month rodents

Table 15 — Serum chemistries for 3-month rodents

Table 16 — Serum chemistries for 6-month rodents

Table 17 — Serum chemistries for 12-month rodents

Table 18 — Serum chemistries for 18-month rodents

Table 19 — Serum chemistries for 24-month rodents

Table 20 — Organ weights and organ/body ratios for 1-month rodents
Table 21 — Organ weights and organ/body ratios for 3-month rodents
Table 22 — Organ weights and organ/body ratios for 6-month rodents
Table 23 — Organ weights and organ/body ratios for 12-month rodents
Table 24 — Organ weights and organ/body ratios for 18-month rodents
Table 25 — Organ weights and organ/body ratios for 24-month rodents
Table 26 — Serum and urine mutagenicity data for 6- and 12-month rodents
Table 27 — Immune organ cellularities for 1-month rodents

Table 28 — Immune organ cellularities for 3-month rodents

Table 29 — Immune organ cellularities for 6-month rodents

Table 30 — Immune organ cellularities for 12-month rodents

Table 31 — Natural Killer (NK) cell activity

Table 32 — Cytotoxic T-lymphocyte activity
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Table 1. Survival Times of Pellet-Implanted Rodents

Time Experimental Group Mean (weeks) & sem
24 Month Non-Surgical 83.44+2.05
(104 weeks) Tantalum 82.69+4.11
DU-low 85.44+£2.82
DU-high 81.69+3.25
WA-low 27.13+1.06
WA-high 21.75+0.37
Nickel 26.75+ 0.59
18 Month Non-Surgical 75.80 +£1.20
(78 weeks) Tantalum 74.00 £ 2.70
DU-low 72.90 £2.46
DU-high 74.30 + 2.47
WA-low® 25.50+1.83
WA-high 20.90 + 0.43
Nickel 24.80 + 0.36
12 Month Non-Surgical 50.70 £ 0.91
(52 weeks) Tantalum 52.00 £ 0.00
DU-low 52.00 + 0.00
DU-high 52.00 = 0.00
WA-low 27.70 £ 0.97
WA-high 22.25+0.59
Nickel 23.90 = 0.31
6 Month Non-Surgical 26.00 £ 0.00
(26 weeks) Tantalum 26.00 £ 0.00
DU-low 26.00 + 0.00
DU-high 26.00 = 0.00
WA-low 24.85 £ 0.52
WA-high 22.40 + 0.53
Nickel 23.80 + 0.55
3 Month Non-Surgical 13.00 + 0.00
(13 weeks) Tantalum 13.00 + 0.00
DU-low 13.00 £ 0.00
~_DU-high 13.00 + 0.00
WA-low 13.00 &+ 0.00
WA-high 13.00 + 0.00
Nickel 13.00 + 0.00
1 Month Non-Surgical 4.00 £ 0.00
(4 weeks) Tantalum 4.00 % 0.00
DU-low 4.00 £+ 0.00
DU-high 4.00 + 0.00
WA-low 4.00 + 0.00
WA-high 4.00 = 0.00
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